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Abstract

The paper deals with the evaluation of the shielding gases’ influence on the porosity of
AZ31B magnesium alloy weld joints produced with disk laser. Butt weld joints were produced
under different shielding gas types, namely Ar 4.6, He 4.6, Ar + 5 vol.% He, Ar + 30 vol.%
He. Light and electron microscopy, computed tomography, microhardness measurements, and
tensile testing were used to evaluate weld joint properties. He shielded weld joints were the
narrowest ones (1.79 mm). On the other hand, Ar shielded weld joints exhibited the largest
weld width (2.11 mm). The choice of shielding gas had a significant influence on the porosity
level of welds. The lowest porosity was observed in weld joint produced in Ar 4.6 shielding
atmosphere (only 0.05 mm3), while the highest level of porosity was detected in weld joint
produced in pure He 4.6 (0.41 mm3).

K e y w o r d s: laser welding, AZ31B magnesium alloy, AZ61 filler wire, porosity

1. Introduction

Light metals and their alloys (Mg, Al, and Ti)
are important construction materials with a high
strength-to-weight ratio. Magnesium and its alloys
have the potential to replace steel and aluminium
alloys in many industries such as construction or
aeronautics [1–5]. Magnesium is approximately 75 %
lighter than steel and 34% lighter than aluminium
[6]. Magnesium and its alloys have specific physical
and chemical properties that significantly affect the
weldability of the material [7].
Welding of magnesium alloys is closely connected

mainly with shrinkage of the weld metal, formation
of low-melting phases (γ-Mg17Al12), low absorption
of laser radiation, low melting point, low evaporation
temperature 1100◦C [8]. A significant problem result-
ing from the chemical properties of magnesium is the
high affinity of magnesium for oxygen and the sub-
sequent formation of oxide inclusions. This problem
occurs mainly with the use of Nd:YAG and Yb:YAG
lasers, where their wavelengths (1.06 and 1.03µm)
are assumed to be transparent to Mg(OH)2. For this
reason, the Mg(OH)2 layer does not melt and subse-
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quently evaporates (melting point 2800◦C). Therefore,
the preparation of welded surfaces before welding is
very important [9–11]. These defects cause problems
such as porosity, spatter, instability of the weld pool,
hot and liquid cracking of the welded joint. Due to
the high thermal conductivity of magnesium alloys, it
is essential to use a very high power source for their
welding, but this can lead to excessive grain coars-
ening. Low-melting eutectics are formed along grain
boundaries, which increase the susceptibility to hot
cracking.
Another problem is deformations and residual

stresses caused by high thermal conductivity and a
high coefficient of thermal expansion [8]. Mg has no
allotropic transformation; it occurs only in the HCP
(closest hexagonal packed) structure, which results in
poor formability at room temperature. However, at
higher temperatures (200–300◦C), the formability of
Mg increases significantly [12, 13]. Hot cracking, oxide
inclusions, and the formation of brittle intermetallic
compounds often occur in conventional fusion welding
methods [14].
Laser welding is a fusion process of joining mate-

rials, which uses highly concentrated energy to heat
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Ta b l e 1. Chemical composition and mechanical properties of the base material of AZ31B magnesium alloy and chemical
composition of AZ61 filler wire

Fe O N C H Ti
Chemical composition of AZ31B (wt.%)

≤ 0.3 ≤ 0.25 ≤ 0.03 ≤ 0.1 ≤ 0.0125 Balance

Rm (MPa) Rp0.2 (MPa) A50 (%) HV
Mechanical properties of AZ31B

570 540 21 210

Al Zn Th Mn Cu Mg
Chemical composition of AZ61 (wt.%)

6.5 1 0.3 0.20 0.03 Balance

and melt basic materials [15, 16]. Laser welding is a
promising process of joining materials due to high en-
ergy density, narrow weld bead and heat-affected zone,
penetration depth, high cooling rate, and consequently
the limited formation of intermetallic phases [17–20].
The heat-affected zone in the weld is usually much nar-
rower than with other conventional welding methods.
These intermetallic phases form a layer in the inter-
dendritic spaces. The thickness of this layer affects the
strength of the welded joint [21–23].
Shielding gases have an important effect on the

formation of weld beads and penetration. The appli-
cation of different shielding gases can result in dif-
ferent penetration and weld bead profiles. The pores
can be the starting point for crack propagation in the
welded joint and can significantly reduce the life cycle
of the joints under dynamic loads. From the above, it
is clear that the appropriate choice of process gases
is an essential aspect for the efficiency, quality, and
overall acceptability of the weld [24]. Argon (Ar) and
helium (He) are inert gases that do not affect metal-
lurgical processes during welding [25]. Both are often
used to protect the weld pool from the ambient at-
mosphere, where Ar is usually the preferred choice
due to lower costs. The composition of the shield-
ing gas affects not only the heat distribution in the
weld but also the shape of the weld and the weld-
ing speed. Two-component mixtures of Ar and He are
the most satisfactory choice. They work by being as-
sociated with minimal defocusing of the incident laser
beam. Combinations with not very large amounts of
Ar appear to be almost as good as pure helium, not
only because they do not significantly increase defo-
cusing but also because they have the additional ad-
vantage of minimizing costs [26]. In order to optimize
the laser welding process and ensure high weld quality,
it is necessary to understand the effect of shielding gas
on the overall properties of welded joints. Therefore,
the paper deals with the types of shielding gases for
the formation of porosity in the weld metal.
In the present study, the AZ31B alloy is inves-

tigated, where the main alloying elements are alu-
minium and zinc. Aluminium increases strength, hard-

ness and improves castability. In addition to increased
hardness and strength, zinc also improves toughness.
The amount of Zn is limited due to the formation
of hot cracks during solidification. The designation
B means the class (purity) of the alloy, and H24 ex-
presses the processing of the alloy – strain hardened
and partially annealed [27]. The disadvantage of Mg-
-Al-Zn-(Mn) alloys is their limited possibility of use at
higher temperatures because the mechanical proper-
ties deteriorate significantly when exposed to tempe-
ratures higher than 120◦C [28]. These selected proper-
ties are similar to aluminium alloys, so the conditions
for welding are practically identical. Nevertheless, it
is possible to produce laser welds using suitable weld-
ing parameters in wrought magnesium alloys without
cracks, with low porosity and good quality [9].

2. Experiment

2.1. Material characteristics

As experimental material for this research, AZ31B
magnesium alloy was used. The thickness of the base
material was 2 mm. Due to the intensive evaporation
of alloying elements (Mg and Zn elements), a filler
wire with higher alloying AZ61 (6 % Al + 1% Zn) was
used during welding. Butt welds were produced using
a disk laser. The chemical composition of the AZ31B
base material and its mechanical properties are given
in Table 1. Also, the chemical composition of the filler
wire AZ61 is given in Table 1.

2.2. Laser equipment and welding parameters

Welds were created in continuous mode using a
TruDisk 4002 disk laser with a maximum power
of 2 kW. The wavelength of the laser radiation
was 1.03 µm, and the beam quality (BPP) was
8 mmmrad−1. The laser beam was led to the BEO
D70 focusing optics using an optical cable with a di-
ameter of 400 µm. The size of the beam spot on the
surface of the base material was 400 µm. The focal
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Ta b l e 2. Welding parameters

No. Power Welding speed Type of shielding gas Shielding gas flow rate Focusing
(kW) (mm s−1) (l min−1) (mm)

1 2 40 Ar + 30% He 30 0
2 2 40 Ar + 5% He 30 0
3 2 40 He 4.6 30 0
4 2 40 Ar 4.6 30 0

Fig. 1. Weld beads and roots of weld joints: (a), (b) Ar 4.6; (c), (d) Aluline He5; (e), (f) He 4.6; (g), (h) Aluline He30.

length was 200mm. The focusing optics were mounted
on a 6 angular industrial robot Fanuc M-710iC/50.
During welding, the surface and root of the weld were
protected from the ambient atmosphere. The type of
shielding atmosphere changed; the other welding pa-
rameters were constant: power 1.9 kW, welding speed
40mm s−1, and focusing 0 mm. Welding parameters
are given in Table 2.

2.3. Preparation of welded joints

Metallographic sample preparation was performed
according to the standard for macroscopic and micro-
scopic analysis of samples STN EN ISO 17639. Weld

cross-sections were electrolytically etched in Picral
reagent for 8 s (chemical composition: 100 ml ethanol
and 4.2 g picric acid). The macrostructure and mi-
crostructure of the welded joints were analysed with a
NEOPHOT 32 light microscope. For a more detailed
analysis of the microstructure, a JEOL 7600 F scan-
ning electron microscope was used. A coordinate mea-
suring instrument based on a Zeiss Metrotom 1500
computed tomography was used to identify the poros-
ity present in the laser welds and its location in the
welds. Computed tomography (CT) was able to mea-
sure size, distribution, and total porosity volume. Af-
ter the tensile test, the fracture surfaces were analysed
by SEM. The microhardness was measured according
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Fig. 2. Cross-sections of weld joints produced under different shielding gases: (a) Aluline He, (b) Aluline He30, (c) He 4.6,
and (d) Ar 4.6.

to Vickers on an IndentaMet 1100. The measurement
parameters were as follows: load 100 g with a load time
of 10 s. The distance between the indents in WM was
200 µm and in HAZ 300 µm. The static tensile test
was performed at room temperature on a Tinius Olsen
300 ST shredder (max. load force 300 kN) at a speed
of 5 mm s−1.

3. Results

3.1. Surfaces and roots of welded joints

The weld bead and roots of the joints of the AZ31B
magnesium alloy are shown in Figs. 1a–h. The welding
direction is indicated by an arrow. Figures 1a,b show
the weld bead and root of a welded joint produced
at a laser beam power of 1.9 kW, a welding speed of
40 mm s−1, a focus of 0 mm, and the protection of the
melting pool with Ar 4.6. The weld bead has a regu-
lar shape without the presence of a spatter. The root
of the weld also has a regular shape. Another weld of
Figs. 1c,d was created at the same welding parameters
as in the previous case, but Ar + 5% He (Aluline He5)

was used to protect the weld metal. It is evident that
the width of the welded joint is smaller than in the pre-
vious case. The root of the weld has a regular shape.
A slight spatter of weld metal in the root area was
recorded. Figures 1e,f document the joint produced at
shielding gas of He 4.6. The weld bead of the weld joint
and the root exhibit a regular width. The presence of
oxidation is visible on the surface, which was caused
by insufficient gas protection of the melting pool from
the ambient atmosphere. It was at this weld that the
narrowest joint width was measured. When using Ar
+ 30 vol. % He (Aluline He30) for weld metal protec-
tion (Figs. 1g,h), the average weld width was larger
compared to previous cases. The weld bead exhibits
a regular shape. The root of the weld joint exhibits a
regular shape without the presence of a spatter.
Cross-sections of welded joints created by using dif-

ferent types of shielding gases are shown in Fig. 2.
The welded joint in Fig. 2a was produced using Ar
4.6. The width of the weld bead is 2.11mm, and the
root width is 1.91 mm. The weld joint has slight ex-
cess weld metal (0.15 mm), and its root is excessively
penetrated (0.21mm). The surface of the weld bead
(Fig. 2b) produced under Aluline He5 has excess metal
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Fig. 3. Influence of type of shielding gas on weld width.

(0.21mm). The reason for excess metal on the sur-
face base material is the use of filler wire. Its root is
excessively penetrated (0.24mm). The width of the
weld bead is 1.95 mm, and the width of the weld root
is 1.82 mm. The surface of the weld bead (Fig. 2c)
created under He 4.6 also has excess metal (0.2 mm),
and its root is excessively penetrated (0.23 mm). The
width of the weld bead dropped to 1.79 mm and the
root width to 1.47mm. When using the shielding gas
Aluline He30 (Fig. 2d), there was no significant change
compared to the previous case. The measured excess
metal was 0.22mm, and the root was excessively pen-
etrated (0.21 mm). The measured width of the weld
surface was 1.83mm and its root 1.62mm. In terms
of geometry, there was no significant influence by using
the different types of shielding gases on the geometry
of individual welded joints.
The influence of shielding gases on the width of the

welded joint is shown in Fig. 3. Widths were measured
at three locations on each weld. As the results show,
the narrowest weld joint was produced under He 4.6
as the shielding atmosphere (1.79 mm). In contrast,
the widest weld was recorded using shielding gas Ar
4.6 (2.11mm). The addition of helium to obtain a gas
mixture of Aluline He5 and Aluline He30 did not re-
sult in a significant change in the widths of the weld
beads compared to pure He 4.6 and Ar 4.6. In arc weld-
ing, the voltage on the arc increases with increasing He
content. This is attributed to the higher ionization po-
tential of helium compared to argon. This means that
more heat is transferred to the base material. This cre-
ates a larger molten area [29]. A different situation was
observed during laser welding. The helium-protected
joints were smaller in width compared to the welds
created under Ar and its mixtures. This fact is at-
tributed to the higher ionization potential of helium
and thus to the smaller formation of the laser-induced
plasma. In this case, the laser beam is not defocused
by the plasma above the material’s surface as in the
use of Ar. The energy density is higher, i.e., the laser

beam is concentrated to a small spot, resulting in a
narrow, deep penetrated weld joint. In addition, the
low molecular weight of helium increases the recombi-
nation between metal ions and plasma electrons, cre-
ating a less dense plasma cloud. In contrast, argon is
ionized relatively easily because it has a low ionization
energy (15.8 eV) and is more prone to plasma forma-
tion. The plasma generated above the metal surface
causes the incident laser beam to defocus. The energy
density decreases, the weld becomes shallower. These
results are consistent with a study by Katayama et
al. [30], who examined the effect of the defocused dis-
tance on the penetration depth of a laser weld. They
found that the plasma He is formed by the emission
of neutral metal atoms emanating from the steam-
gas channel during welding, while in Ar or N2, it is
formed under the nozzle next to the keyhole. Ahn et
al. [31] found that the width of the weld joint created
by using argon was wider than that of the weld joint
produced in a helium shielding atmosphere. The same
result was found when comparing the root widths of
welds. In contrast, the weld was wider when He was
used as a shielding gas at 4 and 5 m/min welding
speeds. The authors explained this by the fact that
higher ionization potential and higher thermal con-
ductivity He increased the thermal energy introduced
into the material. Reisgen et al. [32] found that weld
joints were shallow when Ar was used as the shield-
ing atmosphere. They explained that this was due to
a plume formation above the weld metal and thus in-
stability of the welding process, which caused spatter
and a poor surface appearance of the weld joint.

3.2. Light and electron microscopy

Figures 4a–f show the microstructures of AZ31B
magnesium alloy welded joints fabricated under dif-
ferent shielding gases. The microstructure of the base
material is shown in Fig. 4a. It is clear from the fig-
ure that the microstructure has a polyhedral char-
acter with a slight heterogeneity in grain size with
an average size of 21.8 µm. Figure 4b shows a tran-
sition area from BM to WM. Grain refinement has
occurred in the weld metal, and the microstructure is
formed by fine dendrites. Figure 4c shows a welded
joint created under Ar 4.6. The heat-affected zone is
indistinct. The weld metal microstructure has a den-
dritic morphology with very fine dendrites. It can be
assumed that the dendrites are formed by a solid solu-
tion of Al in Mg, and γ-phase (Mg17Al12) and β-phase
(Mg2Al3) are precipitated in the interdendritic space.
In his study, Hadzima [33] found that the microstruc-
ture of the base material consists of a solid solution
of δ, which is the primary base solid solution of alu-
minium in magnesium and has a hexagonal crystal
structure γ+ δ eutectic and AlMn-based particles. At
the grain boundaries, the intermetallic phase γ with
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Fig. 4. Microstructures of welds: (a) BM, (b) BM-HAZ, (c) Ar 4.6, (d) Aluline He30, (e) He 4.6, and (f) Aluline He5.

the composition Mg17Al12, which has a cubic structure
and is in the form of a discontinuous precipitate, pre-
cipitates during solidification. Phase R represents the
compound Al30Mg23 (rhombohedral structure), phase
β has the composition Mg2Al3 (fcc structure), and fi-
nally, the solid solution α is a solid solution of magne-
sium in aluminium with fcc structure. Due to the small
amount of alloying elements and poor reactivity with
the etchant, it is difficult to observe the structure with
a light microscope. In the next weld in Fig. 4d, which
was created under Aluline He30, pores trapped in WM
can be observed. The largest of them had a diameter of
42 µm. The captured pores probably did not have suf-
ficient time to escape from the melting pool due to the
rapid solidification of the weld metal. In their study,
Sahul et al. [34] investigated the effect of the surface
layer on the properties of welds on magnesium alloy
AZ31B. They found that removing the Mg(OH)2 sur-
face layer led to a reduction in the porosity in the weld
metal. As in the previous case, the microstructure is
formed by very fine dendrites, while the base mate-
rial is formed by a polyhedral structure. Katayama et
al. [12] welded AZ31B magnesium alloy using a disk
laser, achieving the same microstructure in the weld
metal with the presence of intermetallic phases γ and

β in the interdendritic space. Figure 4e shows the mi-
crostructure of the WM-BM interface fabricated under
shielding gas of He 4.6. Dhahri et al. [35] investigated
magnesium alloys AZ91 and WE 43 using a 5 kW CO2
laser, and it has been shown that a shielding gas flow
rate of helium less than 50 l min−1 can cause spatter-
ing and collapse of a keyhole, resulting in the forma-
tion of pores in the weld metal. In our case, porosity
was also recorded. The pore diameter captured in WM
in Fig. 4e represents a value of 104.2µm. Nakata et al.
[36] investigated porosity in magnesium alloys AE42
and AE41. They found that the main element in the
gas bubbles in the weld metal was N2. Hydrogen and
argon were present in small amounts. The microstruc-
ture of the weld metal (He 4.6) again shows a fine
dendritic morphology. Weld (Fig. 4f), which was cre-
ated under Aluline He5, has an indistinct heat-affected
zone. The microstructure is formed of fine dendrites.
A pore with a diameter of 96.1 µm was also trapped
in the weld metal. Researchers Salleh et al. [37] com-
pared the effect of argon and nitrogen on the porosity
in the weld metal. When N2 was used, no porosity
was present in the weld metal. It can be assumed that
the γ and β phases are precipitated in the interden-
dritic spaces. The same results were obtained by Li et
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Fig. 5. Microstructure of weld joint produced under Ar 4.6.

al. [38] when the presence of IMC γ(Mg17Al12) and
β(Mg2Al3) was detected in WM by TEM. The poros-
ity observed in welded joints was probably due to in-
sufficient shielding gas flow rate, which did not provide
sufficient protection of the molten metal from the am-
bient atmosphere, and moisture could enter the pool
and cause gas bubbles in the weld metal. The second
reason is that the gases trapped in the weld metal did
not have enough time to escape from the weld metal to
the surface due to its rapid solidification. Haronni et
al. [39] found that porosity in the weld metal could be
reduced by preheating. A layer of Mg(OH)2 is present
on the material’s surface, which decomposes to MgO
and H2O when preheated to 300◦C. Evaporation of
H2O through the steam-gas channel significantly re-
duced the porosity in the weld metal.
Using an electron microscope, the grain bound-

aries are already better visible due to the precipi-
tated γ-Mg17Al12 intermetallic phase. Mg17(Al, Zn)12
phase particles and Al8Mn5 particles occur in the al-
loy. They occur along grain boundaries but also in-
side grains. Figure 5 documents the weld metal of a
welded joint produced under Ar 4.6, which has a den-
dritic morphology, whereby γ-phase (Mg17Al12) and
β-phase (Mg2Al3) are probably precipitated in the
interdendritic spaces. The brighter areas in the weld
metal showed the presence of elements with a higher
atomic number. TEM would be appropriate to iden-
tify intermetallic phases accurately.

3.3. Computed tomography

Some researchers studied the volume of porosity
and pore diameter for the mechanical properties of
welded joints. Wu et al. [40] observed in their study
that the maximum diameter and volume fraction of
hydrogen pores ranged from 150 to 280 µm and from
0.35 to 0.75%. Chen et al. [41] investigated the in-
fluence of porosity morphology on mechanical prop-

erties. They found that at a laser beam power of
2.8 kW, the porosity volume was 2.78%, while at a
lower laser beam power of 2.3 kW, the porosity volume
was 1.83%. The pore diameter at the higher power
of the laser beam was 107 µm, at the lower power
67.3 µm. Another study by Wu et al. [42] observed
in laser GMAW hybrid AA7020 welds that most mi-
cropores larger than 30 µm in effective diameter had
sphericity of approximately 0.60. The authors found
only a minimal number of micropores in the upper re-
gion of the hybrid weld. On the contrary, the lower
region had most micropores smaller than 25 µm in di-
ameter. Fahlström et al. [43] studied the effect of laser
welding parameters on porosity of welds in magne-
sium alloy AM50. The lowest porosity volume of 3 %
was achieved for 4 mmin−1 with 2200 W and two-pass
welding at 3 mmin−1 with 2200W.
Figures 6a–d show 3D renderings of welded joints

produced by using different types of shielding gases.
The welded joint fabricated under Ar 4.6 is shown in
Fig. 6a. The largest pore had a diameter of 0.57 mm
and a pore volume of 0.05mm3. The welded joint pro-
duced under Aluline He30 is shown in Fig. 6b. The
largest pore had a diameter of 0.92mm, the poros-
ity volume in WM was 0.23mm3. In another Fig. 6c,
a weld was created under He 4.6. The porosity vol-
ume was 0.41mm3, and the largest pore diameter was
0.77mm. The welded joint, the weld metal of which
was protected by Aluline He5, is shown in Fig. 6d. The
largest pore diameter was 0.63mm, and the porosity
volume was 0.20mm3. Pores with a diameter below
50 µm are referred to as micropores. Micropores are
associated with hydrogen and other common gases in
the case of unsuitable preparation of weld surfaces.
Macropores larger than 300 µm significantly affect me-
chanical properties and are generally located along the
central axis of the weld. The keyhole can be the cause
of their forming during welding [11]. A possible reason
for the formation of pores in the WM is the instabil-
ity of the steam-gas channel during the welding pro-
cess. Elements with a low melting point, in our case
Mg, evaporate during laser welding and are trapped
in the WM, promoting porosity formation [44]. Ac-
cording to Kuo et al. [45], Al2O3 is hygroscopic and
absorbs ambient moisture. Toda et al. [46] found that
the mechanical properties of aluminium alloys are sen-
sitive to the presence of micropores. In addition, they
noted that lower ductility, poorer mechanical prop-
erties, and fatigue characteristics could be attributed
to high-density micropores. They also noted that the
tensile strength decreased significantly as the volume
of micropores increased.
The sphericity (ψ) of the pores was also calculated

according to the formula:

ψ =
AS
AP
=
π
1
3 (6VP)

2
3

AP
. (1)
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Fig. 6. Porosity results from computed tomography: (a) Ar 4.6, (b) Aluline He30, (c) He 4.6, and (d) Aluline He5.

Ta b l e 3. Results from computed tomography under shielding gas Ar 4.6

Radius (mm) Diameter (mm) Volume (mm3) Surface (mm2) Sphericity

0.28 0.57 0.03 0.82 0.57
0.22 0.45 0.02 0.55 0.65

The sphericity of the pores is given by the ratio of the
area to the surface of the sphere (with a volume equal
to the volume of the pores) of the pore, where AS and
AP refer to the surface area of the sphere and the pore
and VP is the pore volume. Sphericity measures the
shape deviation from the perfect spherical (ψ = 1) and
measures the extent of deformation for a given pore.
The smaller the sphericity value, the more irregular
the shape of the pores [47].
The calculated spherical values of ψ pores present

in the weld metal at various shielding gases are given
in Tables 3–6.
The smallest porosity volume was recorded when

the fusion zone of the welded joint was shielded by Ar

4.6. The porosity volume in WM was 0.05 mm3. The
values obtained from computed tomography are given
in Table 3.
Another of the studied gases was Aluline He30. A

higher porosity volume was recorded for this gas com-
pared to the previous case, namely 0.23mm3. The val-
ues from computed tomography are given in Table 4.
The use of He 4.6 slightly increased the porosity

volume compared to mixed shielding gases. The total
volume was 0.41mm3. The values from CT are given
in Table 5.
As the amount of helium in the mixed shielding

gases decreased, the porosity decreased, and therefore
it was assumed that at the use of Aluline He5 would be
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Ta b l e 4. Results from computed tomography under shielding gas Aluline He30

Radius (mm) Diameter (mm) Volume (mm3) Surface (mm2) Sphericity

0.46 0.92 0.12 1.91 0.62
0.25 0.50 0.02 0.60 0.59
0.21 0.42 0.02 0.49 0.73
0.20 0.40 0.01 0.44 0.51
0.22 0.45 0.02 0.52 0.69
0.31 0.63 0.03 0.90 0.52
0.19 0.39 0.01 0.38 0.59

Ta b l e 5. Results from computed tomography under shielding gas He 4.6

Radius (mm) Diameter (mm) Volume (mm3) Surface (mm2) Sphericity

0.39 0.77 0.11 1.67 0.66
0.35 0.70 0.09 1.53 0.63
0.39 0.77 0.10 1.61 0.65
0.32 0.63 0.04 0.90 0.63
0.20 0.40 0.01 0.46 0.49
0.22 0.44 0.01 0.44 0.51
0.22 0.44 0.02 0.52 0.69
0.37 0.74 0.03 0.79 0.59

Ta b l e 6. Results from computed tomography under shielding gas Aluline He5

Radius (mm) Diameter (mm) Volume (mm3) Surface (mm2) Sphericity

0.30 0.60 0.05 1.04 0.63
0.27 0.54 0.04 0.77 0.73
0.29 0.58 0.04 0.93 0.61
0.31 0.63 0.03 0.82 0.57
0.21 0.42 0.01 0.46 0.49
0.25 0.50 0.03 0.66 0.70

porosity volume lower than that of Aluline He30. The
porosity volume was 0.20mm3. The values obtained
from CT are given in Table 6.
Research has shown that the porosity formation

in the weld metal has been reduced when Ar + He
mixtures have been used as a shielding atmosphere in-
stead of pure He shielding gas. Similar results were ob-
tained by Takahashi et al. [48], who reported that with
Ar shielding gas, the number of pores increased when
the laser beam was focused above the sample surface,
while with using helium shielding gas, the porosity
increased when the beam was focused at the mate-
rial surface. Panwisawas et al. [49] investigated the
influence of welding speed and material thickness on
the porosity. They found that the porosity increased
with the increase of the material thickness. Also, lower
welding speed led to a higher volume of porosity level.
There are two types of porosity in the weld metal. In
general, process-induced pores have an irregular shape
with a relatively larger size compared to metallurgi-
cal porosity. Process porosity or cavities are usually

induced by the instability of the keyhole during pen-
etration welding. However, for hydrogen gas-induced
metallurgical porosity, smaller diameters in the range
of 10 to 100 µm can be found [50–53]. If the protection
of the weld pool is sufficiently effective, the hydrogen
in the weld metal comes mainly from the surface layer
of the oxide. Glowacki [54] found that the best com-
binations range from 0% Ar and 100% He to 50%
Ar and 50% He (per unit volume of gas mixture).
Gaseous mixtures of Ar + He with less than 50% He
lead to a significant defocusing of the incoming laser
beam by the plasma cloud above the laser-generated
keyhole. The plasma formation is crucial to the weld-
ing operation. However, this is not a serious problem
for welded joints created with a disk laser due to the
shorter wavelength of the laser beam, namely 1.03 µm.
The emitted radiation is less absorbed by the plasma
above the surface of the welded material. However,
Gao et al. [55] found when the laser power was in
their study lower than 5 kW, the laser power absorbed
by the plume was no more than 5% because it was
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Fig. 7. The course of microhardness using different types
of shielding gases.

a weakly ionized plasma. At that stage, the plasma
shielding effect could be ignored, and the weld pene-
tration depth increased with laser power proportion-
ally. However, when the laser power was higher than
5 kW, the laser power absorbed by the laser plume was
up to 24%. Only larger pores were found within the
CT.
Further research must be aimed with the com-

puter microtomography, i.e., utilization of reducing
pixel size. Slotwinski et al. [56] found that some sam-
ples had pores that were not measurable by X-ray CT,
which can be seen using a pixel size of 2.4 µm. There,
the pores could be several times smaller than those
seen in X-ray CT scans. Detection of smaller pores by
µCT may be associated with the influence of segmen-
tation algorithms on the detected porosity. Heim et
al. [57] found that ”Isodata” primarily detects small
pores, while ”0.0” detects the largest pores. ”Isodata”
has been found to be the strongest algorithm that de-
tects most pores in terms of volume and number of
pores.

3.4. Microhardness of weld joints

The course of microhardness of weld joints pro-
duced by using different types of shielding gases is
shown in Fig. 7. As can be seen from the figure, the
microhardness of the weld metal is higher at all joints
compared to the base material. This increase in micro-
hardness is associated with a lower heat input, which
is characteristic of laser beam welding and alloying
the weld metal using AZ61 filler wire. As can be seen
from the measured microhardness values, the effect
of the shielding gases used in the welding was ob-
vious. Using Ar 4.6 shielding gas, the smallest aver-
age microhardness of the weld metal was measured,

Fig. 8. Effect of shielding gases on the strength of weld
joints.

namely 71.2 HV0.1 (± 0.6). Using an Ar gas mixture
with 5% He, the average microhardness increased to
78.9 HV0.1 (± 1.0). When Aluline He 30 (70 % Ar
+ 30% He) was used, the average microhardness in-
creased to 82.2 HV0.1 (± 0.6) compared to the pre-
vious case. The average microhardness of the weld
metal 87.9 HV0.1 (± 0.5) was recorded under He 4.6
shielding gas, which was also the highest average mi-
crohardness. Dhahri et al. [58], in their study, welded
the WE43 magnesium alloy using a 5 kW CO2 laser.
They found that helium proved to be the best depend-
ing on the drawing of the weld bead, the penetration,
and the depth/width ratio of the welded joint. At the
same time, they noted that the shielding gas flow rate
should not be less than 50 l min−1, which can cause
spatter or collapse of the keyhole. In another study,
researchers focused on comparing He and Ar shield-
ing gases in laser welding of magnesium alloys. They
found that He shielding gas has a better protective
effect on the weld pool in welding magnesium alloys
than Ar due to its higher ionization potential and bet-
ter conductivity [35].

3.5. Tensile test

The dependence of the tensile strength on the type
of shielding gas is shown in Fig. 8. The highest tensile
strength of 261MPa (± 2.4) was recorded when He
4.6 shielding gas was used. A lower tensile strength of
255 MPa (± 1.8) was recorded for Aluline He5. Us-
ing Ar 4.6 shielding gas, an average tensile strength
of 253MPa (± 1.3) was measured. A lower value of
251MPa (± 1.3) was found when Aluline He30 was
used. The presence of porosity in the weld is one of
the main problems in the laser welding of magnesium
alloys. The high porosity content is one of the most im-
portant factors that cause the low strength of welded
joints, although their size is smaller than the grain size
of the base material [59]. In a tensile test, due to the
concentration of stress around the pores, microcracks
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Fig. 9. (a)–(d) fracture surfaces ductile fractures.

are usually initiated, and therefore a fracture occurs
in the weld metal [60]. Magnesium has a significantly
high hydrogen solubility in the liquid phase, and the
porosity of magnesium alloys depends on the amount
of dissolved hydrogen [61]. The permissible hydrogen
content in welds can depend on many factors, such as
the welding process parameters, the chemical compo-
sition of the alloys, the solidification time, the thermal
gradient, the structure of the weld, and the concentra-
tion of inclusions. In zirconium-containing magnesium
alloys, hydrogen will react with the zirconium to form
ZrH2, and finally, in this case, the porosity of the hy-
drogen will not be a problem [62, 63].

3.6. Analysis of fracture surfaces

The results of the analysis of the fracture surfaces
are shown in Figs. 9a–d. An SEM image of the fracture
surface of a welded joint fabricated using Aluline He5
is shown in Fig. 9a. A ductile fracture was observed in
the base material with characteristic dimples. When
Aluline He30 was used, the fracture also occurred in
the base material, which means WM is stronger than
BM. The fracture (Fig. 9b) exhibits the character of a
ductile fracture with characteristic dimples on the sur-

face of the fracture. Using He 4.6, the fracture (Fig. 9c)
was of the same character as in the previous case. The
ductile fracture was also observed when Ar 4.6 was
used (Fig. 9d). No pores were observed on the frac-
ture surfaces.

4. Conclusions

The paper investigates the influence of different
types of shielding gases on the porosity in the welding
of AZ31B magnesium alloy using a disk laser TruDisk
4002. Based on the results, it is possible to state:
– welds created under He 4.6 shielding gas exhib-

ited the smallest width of the weld bead (1.79mm).
Conversely, the weld with the largest width (2.11 mm)
was produced if the weld metal was protected by using
Ar 4.6 shielding gas,
– the microstructure of the weld metal exhibits

dendritic microstructure in all welded joints,
– the lowest volume of porosity in the weld metal

was recorded when Ar 4.6 (0.05 mm3) was used as a
shielding gas. Conversely, the highest porosity volume
was measured using He 4.6 (0.41mm3) as a shielding
gas,
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– the highest tensile strength of 261MPa (± 2.4)
was recorded if He 4.6 was used. Contrary, the lowest
tensile strength of 251MPa (± 6.8) was recorded when
Aluline He30 as a shielding gas was used,
– the smallest measured average microhardness of

71.2 HV0.1 (± 0.6) was recorded under Ar 4.6 shield-
ing gas and, conversely, the highest was detected if
the weld metal was protected from the ambient atmo-
sphere by using He 4.6, namely 87.9 HV0.1 (± 0.8),
– in terms of the lowest porosity volume in the weld

metal, the following welding parameters appear to be
the most suitable: laser power 1.9 kW, welding speed
40mm s−1, focusing 0 mm, protective atmosphere Ar
4.6 with a shielding gas flow rate of 30 l min−1.
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